The mesolimbic dopamine system is essential for rewardseeking behavior, and drugs of abuse are thought to usurp the normal functioning of this pathway. A growing body of evidence suggests that glutamatergic synapses on dopamine neurons in the ventral tegmental area (VTA) are modified during exposure to addictive drugs, producing sensitization, a progressive augmentation in the rewarding properties of psychostimulant drugs with repeated exposure. We have tested the hypothesis that psychostimulant exposure interferes with the synaptic plasticity of glutamatergic inputs to the VTA. We find that excitatory synapses onto VTA dopamine neurons exhibit long-term depression (LTD) in response to low-frequency stimulation and modest depolarization. LTD in the VTA is NMDA receptor-independent but is dependent on intracellular Ca 2ϩ and can be induced by driving Ca 2ϩ into the dopamine neuron. Brief exposure to amphetamine entirely blocks LTD at glutamatergic synapses in the VTA, by releasing endogenous dopamine that acts at D2 dopamine receptors. The block of LTD is selective, because amphetamine has no effect on hippocampal LTD. The LTD we have discovered in the VTA is likely to be an important component of excitatory control of the reward pathway; amphetamine will inhibit LTD, removing this normal brake on the glutamatergic drive to dopamine neurons. This effect of amphetamine represents an important mechanism by which normal function of the brain reward system may be impaired during substance abuse.
Daily administration of amphetamine, cocaine, or morphine results in a progressive enhancement or sensitization to many of the behavioral effects of the drug (Kalivas and Stewart, 1991; White, 1996) . In rats, the enhancement is observed as progressive augmentation of spontaneous locomotor activity. In humans, the psychomotor stimulant effects of abused drugs are thought to relate to arousal and intense euphoria, and sensitization may underlie progressively more rewarding properties of drugs of abuse associated with craving (Robinson and Berridge, 1993; Self, 1998) . Sensitization lasts for months in rats and perhaps many years in humans, suggesting that psychostimulants persistently modify brain function.
Despite the fact that amphetamine, cocaine, and morphine have distinct mechanisms of action, the ventral tegmental area of the midbrain (VTA) has consistently proven to be required for the development of sensitization to all three. The VTA contains dopamine neurons that project to cortical and limbic areas of the brain and is believed to be involved in reward-seeking behavior, drug abuse, and the initiation of sensitization (Wise and Bozarth, 1987; Wise and Rompre, 1989; Kalivas and Stewart, 1991; Koob, 1992; Wise, 1996; Schultz, 1998; White and Kalivas, 1998) . Intra-VTA injections of amphetamine sensitize animals to peripherally delivered amphetamine and cocaine (Kalivas and Weber, 1988; Vezina and Stewart, 1993) , whereas inhibitors of sensitization are effective when microinjected directly into the VTA. These data strongly suggest that the VTA is the initiation site for sensitization.
Considerable evidence suggests that sensitization is triggered by changes in glutamatergic transmission within the VTA (Wolf, 1998) . Glutamate receptor antagonists block sensitization (Karler et al., 1989; Stewart and Druhan, 1993; Carlezone et al., 1999; Li and Wolf, 1999) , and injection of an NMDA receptor antagonist directly into the VTA also blocks sensitization (Kalivas and Alesdatter, 1993) . Lesions of the prefrontal cortex, which provides a major glutamatergic afferent input to the VTA, block sensitization to amphetamine Wolf and Xue, 1999) . Moreover, repeated electrical stimulation of glutamatergic afferents to the VTA sensitizes animals to subsequent cocaine administration (Schenk and Snow, 1994) . Finally, increased glutamate receptor expression and enhanced responsiveness to glutamate have been reported in the VTA in sensitized animals (Tong et al., 1995; White et al., 1995; Fitzgerald et al., 1996; Zhang et al., 1997) . These data suggest the hypothesis that stimulant exposure causes plasticity at excitatory synapses on VTA dopamine neurons, leading to behavioral sensitization.
Long-term potentiation (LTP), a persistent increase in excitatory synaptic transmission, has been demonstrated recently at excitatory synapses on midbrain dopamine neurons (Bonci and Malenka, 1999; Overton et al., 1999) . In the hippocampus and other brain regions expressing LTP, synaptic strength can also be downregulated by an opposing process, long-term depression (LTD) (Bear and Abraham, 1996) . We report that in addition to exhibiting LTP, excitatory synapses on VTA neurons also exhibit LTD. LTD is entirely blocked by amphetamine, the first demonstration of modulation of synaptic plasticity in the dopaminergic reward pathway by a drug of abuse.
MATERIALS AND METHODS
Slice preparation. Sprague Dawley rats (16 -28 d old) were decapitated, after deep halothane anesthesia. The brain was rapidly removed and placed in ice-cold artificial C SF (AC SF; in mM): 119 NaC l, 26 NaHC O 3 , 2.5 KC l, 1 NaH 2 PO 4 , 2.5 CaCl 2 , 1.3 MgSO 4 , and 10 glucose, saturated with 95% O 2 and 5% C O 2 , pH 7.4. For V TA recordings, horizontal slices (250 -350 m) were prepared and stored with 1 mM kynurenic acid added to the AC SF (Jones and Kauer, 1999) . For hippocampal recordings, coronal slices (400 m) were prepared without kynurenate (Tecott et al., 1998) . Slices were later transferred to a recording chamber where the slice was submerged in warmed AC SF without kynurenate (28 -32°C). For V TA recordings, 100 M picrotoxin was added to block GABA A receptors to study excitatory synaptic transmission in isolation. E xtracellular C aC l 2 was raised to 5 mM in experiments using repetitive voltage steps (see Figs. 3, 4) .
Electrophysiolog y. Individual cells in the V TA were either recorded "blind" or were visualized using differential interference contrast on an upright microscope for whole-cell voltage-clamp recordings. Patch pipettes were filled with cesium gluconate-based internal solution (in mM): 117 cesium gluconate, 2.8 NaC l, 5 MgC l 2 , 0.5 CaCl 2 , 2 ATP-Na ϩ , 1.7 GTPNa ϩ , 5 EGTA, and 20 H EPES. E xperiments with intracellular BAP TA used a similar solution except that 90 mM cesium gluconate and 20 mM BAP TA were used, with no added C aC l 2 or EGTA. Biocytin (0.4%) was added to allow post hoc identification of recorded cells by immunolabeling. Neurons were voltage-clamped at Ϫ60 mV except as noted. The cell input resistance and series resistance were monitored throughout the experiment, and experiments were discarded if these values changed by Ͼ10% during the experiment.
A bipolar stainless steel stimulating electrode was placed rostral to the recording site in the V TA to stimulate glutamatergic afferents at 0.1 Hz (stimulus intensities were typically 40 -200 A; 100 sec). LTD was induced by stimulating excitatory afferents at 1 Hz for 6 min, while depolarizing the neuron to Ϫ40 mV. During this depolarization, the neurons often escaped the voltage clamp, firing action currents. It is likely that even when the cell did not fire, the synaptic regions were sufficiently unclamped to permit voltage fluctuations in response to synaptic currents. E xtracellular recordings from the CA1 region of hippocampal slices were performed as described previously, while stimulating CA3 afferents in the stratum radiatum (Tecott et al., 1998) . Hippocampal LTD was induced by delivering paired pulses 50 msec apart for 7.5 min at 1 Hz. This stimulus train was then repeated 10 min later to maximize LTD.
Drugs were added directly to the AC SF perf using the slice chamber at known concentrations at least 10 min before LTD induction. EPSC amplitudes and hippocampal field EPSP initial slopes were measured off-line using LabView software kindly donated by Dr. Daniel Madison. For statistical analysis, levels of LTD were assessed by averaging EPSC amplitudes or EPSP slopes for 10 min just before LTD induction and comparing this value with averaged values collected during the 10 min period from 10 to 20 min after LTD induction, except as noted. The mean values from this period for each test group were compared with the control using an unpaired, two-tailed t test; p values Յ 0.05 were considered significant. Our data exhibit a normal distribution (there is no significant difference between the mean and median values for each data group, indicating that there is no skew in the distribution), and the variance for the different data sets is the same (the SDs of the data sets are not significantly different). Values are reported as means Ϯ SEM.
Identification of dopamine neurons. Immediately after recording, V TA slices were fixed in 4% paraformaldehyde for at least 24 hr. Slices were then double-labeled for biocytin (to detect the recorded cell) and for tyrosine hydroxylase (TH) (to identif y dopamine-synthesizing neurons).
To classif y cells as dopamine (DA) cells or nondopamine cells, we used a combination of physiology and immunohistochemistry as described previously (Jones and Kauer, 1999 ). Briefly, we tested for the presence of I h , the pacemaker current prominent in dopamine neurons and absent in non-DA cells (Grace and Onn, 1989; Johnson and North, 1992) . We also checked for TH immunoreactivity. When a cell was TH-positive, it was classed as a DA cell. When a cell was not recovered after fixation or was not apparently TH-positive (as happens frequently after lengthy whole-cell recordings), then if it had a prominent I h we also classed the cell as a DA cell. Other neurons were classed as non-DA cells.
Materials. Salts and BAP TA were obtained from Sigma (St. L ouis, MO), and all other drugs were obtained from Research Biochemicals International (Natick, MA), with the exception of 7-(hydroxyimino)cycloprop[b]chroman1a-carboxylate ethyl ester (CPCCOE), which was purchased from Tocris Cookson (Ballwin, MO). Stock solutions of amphetamine, eticlopride, sulpiride, spiperone, and C PCC OEt were made fresh daily; amphetamine and eticlopride were dissolved in water; sulpiride and spiperone were dissolved in 0.1N HCL; C PCC OEt was dissolved in DMSO. Ryanodine was dissolved in DMSO and stored at Ϫ20°C. Stock solutions were diluted 1:1000 for use in AC SF.
RESULTS
Stimulation of excitatory afferents to the VTA at 1 Hz for 6 min, during depolarization of cells to Ϫ40 mV, produced long-term depression of glutamatergic EPSCs recorded from VTA neurons ( Fig. 1 A) . The EPSC amplitude was depressed to 72 Ϯ 3% of control values after LTD induction (n ϭ 25; Fig. 1 B) . EPSCs from 22 of 25 cells were depressed by Ͼ10% 20 min after LTD induction (range, 101-41% of control EPSC amplitude; n ϭ 25). These results are the first demonstration of LTD in the VTA and suggest that LTD is a mechanism normally present to dampen excitatory input.
We tested whether LTD in the VTA shares properties with LTD in other brain areas. NMDA receptors are required for LTD induction at many synapses, and evidence suggests that sensitization to psychostimulants and opiates requires activation of NMDA Figure 1 . Stimulation (1 Hz) elicits long-term depression at excitatory synapses in the VTA. A, A single experiment in which a VTA neuron was recorded from during excitatory afferent stimulation. At the arrow, electrical stimulation was delivered at 1 Hz while the neuron was held at Ϫ40 mV. Responses during the 1 Hz stimulation are omitted for clarity. Afterward, the stimulation frequency was returned to 0.1 Hz, and LTD was observed. Inset, The averages of five EPSCs taken just before ( 1) and after 1 Hz ( 2) stimulation. Calibration: 50 pA, 10 msec. B, Averaged results from 30 experiments eliciting LTD as described in A. Peak EPSC amplitudes were normalized and plotted over time. LTD could be induced in both dopamine and non-dopamine neurons within the VTA using this stimulation protocol (n ϭ 22 dopamine neurons; n ϭ 8 non-dopamine neurons). All cells tested were included in the ensemble average, regardless of whether or not they exhibited robust LTD. (Jones and Kauer, 1999) . LTD in the presence of APV is 79 Ϯ 9% of control values (n ϭ 5; not significantly different from control LTD). B, Control data from Figure 1 (open circles; n ϭ 30) are shown; whole-cell recordings (closed circles ) were made from neurons using pipettes containing 20 mM BAPTA (see Materials and Methods) for 30 -60 min before delivering 1 Hz stimulation during depolarization to Ϫ40 mV. Intracellular BAP TA significantly attenuated LTD (n ϭ 8, all identified dopamine neurons). LTD with intracellular BAP TA is 91 Ϯ 6% of control values (n ϭ 7). receptors in the VTA. However, blockade of NMDA receptors with APV did not prevent LTD in the VTA (Fig. 2 A) . At various synapses, including the CA3-to-CA1 synapse in the hippocampus, elevation of Ca 2ϩ in the postsynaptic neuron is necessary for LTD induction (Linden and Connor, 1995; Cummings et al., 1996) . In our experiments, inclusion of the Ca 2ϩ chelator BAPTA (20 mM) in the whole-cell recording pipette for at least 30 min before LTD induction entirely blocked LTD (Fig. 2 B) . The block of LTD was not caused by dialysis during long recordings, because control neurons recorded from for 30 min before LTD induction without BAPTA in the pipette solution did exhibit LTD after 1 Hz afferent stimulation (n ϭ 7). These results show that LTD induction in the VTA requires an elevation of postsynaptic Ca 2ϩ levels and that this Ca 2ϩ must arise from sources other than the NMDA receptor. The metabotropic glutamate receptor mGluR1 is present on dopamine neurons (Kosinski et al., 1998) and can increase intracellular Ca 2ϩ levels by releasing Ca 2ϩ from ryanodine-sensitive stores (Fiorillo and Williams, 1998) . We therefore tested whether interfering with these processes also blocked LTD. We found that blocking mGluR1 using the selective antagonist CPCCOEt (100 M) had no effect on LTD induction (EPSC amplitude 5-10 min after LTD induction, 70 Ϯ 14% of baseline values; n ϭ 8). Additionally, robust LTD was triggered in the presence of ryanodine (10 M; EPSC amplitude, 64 Ϯ 14% of baseline values; n ϭ 4). These data suggest that activation of mGluR1 and subsequent release of Ca 2ϩ from ryanodine-sensitive Ca 2ϩ stores are not required for LTD induction.
To determine whether an increase in postsynaptic Ca 2ϩ alone is sufficient to induce LTD without synaptic stimulation, we repetitively depolarized the dopamine neuron to activate voltage-gated Ca 2ϩ channels. After resuming synaptic stimulation, we found that LTD had been induced (Fig. 3) . This result suggests the hypothesis that any event inducing a rise in postsynaptic Ca 2ϩ can induce LTD. If the LTD induced artificially by driving Ca 2ϩ into the postsynaptic neuron shares underlying mechanisms with synapti- B, After maximally inducing LTD by pairing 1 Hz stimulation with depolarization to Ϫ40 mV two to four times until no f urther LTD was elicited, neurons were repetitively depolarized as described above (n ϭ 7). LTD induced after repetitive depolarizations is 96 Ϯ 8% of control values (n ϭ 6). All experiments in this figure were performed in AC SF containing 5 mM C a 2ϩ . cally induced LTD, then maximizing synaptic LTD should prevent further depression by the voltage-step protocol. This was indeed observed, indicating that synaptically induced LTD uses the same mechanisms used during LTD induced by repetitive depolarization (Fig. 4) . Taken together, our data indicate that elevation of intracellular Ca 2ϩ is necessary and sufficient to trigger LTD at VTA excitatory synapses.
We hypothesized that psychostimulants might interfere with LTD, removing a normal brake on the excitation of dopamine neurons in the VTA. We therefore tested the effects of amphetamine on LTD by bathing VTA slices from drug-naïve animals in amphetamine for 15 min before an LTD-inducing protocol. LTD of VTA synapses was entirely blocked by 1 M amphetamine ( Fig.  5 ; EPSC amplitude, 100 Ϯ 6% of control values; p Ͻ 0.005). Long-term depression was first described at synapses in the hippocampus (Dudek and Bear, 1992; Mulkey and Malenka, 1992) , and dopamine is known to modulate synaptic function in the hippocampus (Otmakhova and Lisman, 1996 . To test the specificity of amphetamine's effects on LTD, we examined whether amphetamine can also block hippocampal LTD at the CA3-to-CA1 synapse. In contrast to its effects in the VTA, amphetamine (1 M) had no effect on LTD at these hippocampal synapses (Fig. 6 ). These data indicate that amphetamine has selective effects on synaptic plasticity at excitatory synapses on midbrain dopamine neurons.
Amphetamine blocks and reverses the action of the dopamine transporter, thereby increasing dopamine levels where the transporter is present. Dopamine depresses voltage-gated Ca 2ϩ channel function in a variety of peripheral and central neurons (Stack and Suprenant, 1991; Seabrook et al., 1994; Yan et al., 1997 ; Kuzhikandathil and Oxford, 1999), including midbrain dopamine cells (Cardozo and Bean, 1995) . We hypothesized that dopamine released locally by amphetamine might block LTD by inhibiting Ca 2ϩ entry into VTA neurons during the LTD induction protocol. Dopamine and the D2 receptor agonist quinpirole block VTA LTD, acting via D2 dopamine receptors (Thomas et al., 2000) , indicating that amphetamine may block LTD at VTA synapses by releasing endogenous dopamine, which then acts at D2 receptors. We therefore examined whether D2 receptor antagonists interfere with the block of LTD by amphetamine. VTA slices were perfused with D2 receptor antagonists, and LTD was induced using 1 Hz stimulation and depolarization to Ϫ40 mV. The effect of amphetamine was attenuated by 30 nM eticlopride and was blocked by 100 nM eticlopride (Fig. 7) . The less-selective D2 receptor antagonist spiperone (5 M) also significantly blocked amphetamine's effects (EPSC amplitude after LTD induction, 75 Ϯ 4% of control levels; n ϭ 4). These data indicate that the block of LTD by amphetamine is mediated by D2 receptor activation.
DISCUSSION
Our results are the first to show that excitatory synapses on VTA dopamine neurons can express LTD in addition to expressing LTP, exhibiting bidirectional modification depending on the pattern of afferent input and membrane potential. Under normal conditions, LTD will modulate information flow into the VTA, limiting excitation of dopamine neurons. The block of LTD by amphetamine is the first demonstration of an effect of an addictive drug on synaptic plasticity in the reward pathway. We speculate that the block of LTD, which occurs within minutes after a first exposure to amphetamine, is a rapid cellular consequence of amphetamine abuse.
Postsynaptic Ca 2؉ entry triggers LTD
A rise in intracellular Ca 2ϩ is both necessary and sufficient to trigger LTD in VTA dopamine cells. Where does the Ca 2ϩ come from during the protocol pairing modest depolarization with lowfrequency synaptic stimulation? LTD at these synapses, unlike LTP (Bonci and Malenka, 1999; Overton et al., 1999) , is not NMDA receptor-dependent, so Ca 2ϩ entry through NMDA receptors is not necessary. Metabotropic glutamate receptors that release Ca 2ϩ from ryanodine-sensitive intracellular stores and Ca 2ϩ -permeable AMPA channels are apparently not required for LTD (see also Thomas et al., 2000) . Instead, the most likely hypothesis is that Ca 2ϩ enters the cell through voltage-dependent Ca 2ϩ channels, many types of which are expressed by VTA dopamine neurons (Grace and Onn, 1989; Kang and Kitai, 1993; Cardozo and Bean, 1995) . Because Ca 2ϩ channels are also essential for neurotransmitter release, it is difficult to test this hypothesis directly, and further work will be necessary to define precisely the channel types involved. Repetitive depolarization using voltage steps is likely to trigger Ca 2ϩ entry through multiple voltage-gated Ca 2ϩ channel types, particularly the high-voltage-activated L, N, P, and Q channels. The voltage-step protocol alone produces LTD, even without synaptic stimulation, demonstrating that LTD induction occurs postsynaptically and does not require synaptic activity or glutamate release. LTD elicited after voltage steps shares a common mechanism with LTD produced by pairing sustained modest depolarization with synaptic activity, because voltage steps have no further effect after synaptically triggered LTD is maximal. It is thus likely that whenever intracellular Ca 2ϩ rises sufficiently, excitatory synapses onto VTA dopamine cells will be depressed.
We also observed LTD in nondopaminergic VTA neurons after pairing depolarization to Ϫ40 mV with synaptic stimulation at 1 Hz. Previous work showed that a protocol that triggers LTP in VTA dopamine neurons does not enhance synaptic transmission onto nondopamine neurons (Bonci and Malenka, 1999) . Thus, although only dopamine cell synapses can be potentiated, excitatory synapses on both major types of VTA neurons can be depressed. Because our study focused primarily on dopamine neurons, further work will be required to determine whether the mechanisms underlying LTD at synapses on nondopamine cells are the same as those in dopamine cells and whether amphetamine can block LTD at synapses on nondopamine cells.
Amphetamine blocks LTD by activating D2 dopamine receptors
Treatment with 1 M amphetamine entirely blocks LTD at synapses on dopamine neurons. Amphetamine interferes with LTD via a D2 receptor-mediated mechanism, because eticlopride, at 30 -100 nM, attenuated amphetamine's effects. Dopamine and a D2 receptor agonist, quinpirole, also block LTD (Thomas et al., 2000) . Several studies have shown that D2 receptor activation attenuates a variety of Ca 2ϩ currents, including both low-voltage-activated T currents and high-voltage-activated L, N, P, and Q currents (Carbone and Lux, 1989; Stack and Suprenant, 1991; Seabrook et al., 1994; Cardozo and Bean, 1995; Yan et al., 1997; Kuzhikandathil and Oxford, 1999; Wolfe et al., 1999) . We therefore hypothesize that amphetamine blocks and reverses the dopamine transporter to elevate extracellular dopamine, which activates D2 receptors and thereby depresses voltage-dependent Ca 2ϩ currents. The inhibition of Ca 2ϩ entry may reduce Ca 2ϩ levels below the threshold needed to trigger LTD. Alternatively, other cellular sequelae of amphetamine-mediated dopamine receptor activation may interfere with LTD induction.
Modulation of LTD by dopamine and psychostimulants
VTA dopamine cells both in vitro and in vivo have unusually positive membrane potentials and action potential thresholds (Grace and Bunney, 1983; Grace, 1988) , and it is not unlikely that their membrane potentials often remain near Ϫ40 mV for long periods of time. Because LTD induction in vitro requires only relatively low-frequency synaptic activation, and because dopamine neurons usually fire at 1-8 Hz in vivo (Grace and Bunney, 1984) , it is possible that in the brain under normal conditions VTA excitatory synapses often exist in a relatively depressed state. LTD may normally protect VTA dopamine neurons from excessive glutamatergic excitation. In the presence of amphetamine this protective brake is removed, permitting unrestricted excitation of dopamine neurons by glutamate afferents.
One important question raised by our results is whether endogenous dopamine blocks LTD under physiological conditions, as well as during psychostimulant-mediated dopamine elevation. Dopamine can be released from somatodendritic sites (Geffen et al., 1976; Cheramy et al., 1981) , raising the possibility that LTD may be modulated by endogenous dopamine. This modulation is likely to operate on the seconds-to-minutes time scale, after local dopamine release and before removal of the neurotransmitter by the transporter. A transient block of LTD resulting from somatodendritic dopamine release could provide a window during which LTP is facilitated at synapses on dopamine cells, thus acting as a gate for strengthening afferent excitatory input. In contrast, after psychostimulant administration, psychostimulant levels remain high for hours, and levels of dopamine in the VTA may consequently also remain elevated for prolonged periods. The resulting persistent blockade of LTD would be expected to promote glutamatergic activity from cortical and subcortical regions and to increase the likelihood of NMDA receptor-dependent LTP.
Overactivity of dopaminergic neurotransmission in the VTA is postulated to contribute to the development of psychotic symptoms, both in schizophrenia and in amphetamine psychosis. Antipsychotic drugs effective in treating both disorders have D2 receptor antagonist properties. Somatodendritic dopamine release does not have a dramatic effect on the firing rate of most dopamine neurons (Bunney and Aghajanian, 1975; Pucak and Grace, 1996) , but our findings suggest that, acutely, D2 receptor antagonists may promote the development of LTD in the VTA, reducing dopamine neuron activity in the short-term. The effects of longer-term exposure to these drugs have yet to be tested.
Amphetamine effects in the VTA promote behavioral sensitization NMDA receptor-dependent LTP has been proposed as a possible mechanism involved in the onset of behavioral sensitization (Tong et al., 1995; White, 1996; Wolf, 1998) . Three mechanisms have been identified by which amphetamine will promote the abnormal excitation of VTA dopamine neurons by glutamatergic afferents. First, although a rapid effect of psychostimulants is hyperpolarization of dopamine neurons via autoreceptors, this effect desensitizes in the presence of amphetamine, removing one source of inhibition (Seutin et al., 1991) . Second, psychostimulants potently elevate extracellular glutamate in the VTA, perhaps as a result of decreased glutamate reuptake (Xue et al., 1996; Kalivas and Duffy, 1998; Wolf and Xue, 1999) . Finally, our results indicate that amphetamine strongly modulates excitatory synaptic transmission by blocking LTD. We propose that these three mechanisms will act in concert to promote NMDA receptor-dependent LTP, resulting in an abnormal strengthening of excitatory synapses on dopamine neurons in the VTA. This hypothesis can account for the block of sensitization by intra-VTA administration of an NMDA receptor antagonist (Vezina and Stewart, 1993) and the ability of highfrequency electrical stimulation of glutamate afferents to the VTA by itself to produce sensitization to peripherally administered psychostimulants (Schenk and Snow, 1994) . The resulting glutamatergic excitation of dopamine neurons may represent an early trigger in the development of sensitization and addiction.
